Unsteady blade pressure measurements on a model counterrotation propeller by Heidelberg, Laurence J. & Woodward, Richard P.
I 
NASA Technical Memorandym 102002 
AIAA-89-1144 
Unsteady Blade pressure Measurements on 
a Model Counterirotation Propeller 
I 
(BASA-3d-102002) G h S l d A C Y  €IlLE FBESSULE t489-2C779 
tEASD&El!EI!i5 Cbi A ECCEL CCGLT€LEC¶A?XQI 
Z i C E E I l l E E  ( I L S B )  2 2  F CSCL S O A  
Uoclas 
63/71 G14ES92  
I 
I;, 
Laurence J. Heidelberg and %chard P. Woodward 





Prepared for the 
12th Aeroacoustics Conference 
sponsored by the American Itstitute of Aeronautics and Astronautics 
San Antonio, Texas, April 10-12, 1989 1 
I 
https://ntrs.nasa.gov/search.jsp?R=19890011408 2020-03-20T02:38:58+00:00Z
UNSTEADY BLADE PRESSURE MEASUREMENTS ON A MODEL COUNTERROTATION PROPELLER 
Laurence J .  Heidelberg and Richard P. Woodward 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 
SUMMARY 
In an exploratory effort an advanced counterrotation propeller instru- 
mented with blade-mounted pressure transducers was tested in the NASA Lewis 
9- by 15-Foot Anechoic Wind Tunnel at a simulated takeoff and landing speed of 
Mach 0.20. The propeller's aft diameter was reduced to investigate possible 
noise reductions resulting from reduced blade row interaction with the tip vor- 
tex. The propeller was tested at three blade row spacings at fixed blade set- 
ting angles, at the maximum blade row spacing at higher blade setting angles, 
and at propeller axis angles of attack up to k16" to the flow. 
number of unsteady blade surface pressure measurements were made on both rotors 
of the model counterrotation propeller. Emphasis was placed on determining the 
effects of rotor-rotor interactions on the blade surface pressures. A unique 
method of processing the pressure signals was developed that -enabTes even weak 
d interaction waveforms and spectra to be separated from the total signal. The 
w interaction on the aft rotor was many times stronger than that on the forward 
rotor. The fundamental rotor interaction tone exhibited complicated behavior 
but generally increased with rotational speed and blade setting angle and 
decreased with rotor spacing. With the propeller axis at an angle to the flow, 
the phase response of the aft rotor appeared to be significantly affected by 






The next generation of commercial airliners is likely to be powered by an 
advanced turboprop that offers the promise of considerable fuel savings while 
still allowing for a cruise speed similar to that of current turbofan aircraft. 
Advanced counterrotation propel lers may offer from 8 to 10 percent additional 
fuel savings over similar single-rotation propellers at cruise conditions 
(ref. 1 ) .  However, there is considerable concern about the potential noise 
generated by such aircraft, which includes both in-flight cabin noise and com- 
munity noise during takeoff and landing. More noise sources are present in 
counterrotation propellers than in single-rotation propellers. The aerodynamic 
interaction of the two rotors results in unsteady blade loading, which in turn 
radiates to the far field as interaction tones. These interaction tones are a 
major contributor to the noise of counterrotation propellers. Blade surface 
pressure measurements could provide a better understanding of rotor interac- 
tions. 
counterrotation propellers. 
Little or no measurements of unsteady blade pressures are available for 
In this exploratory investigation a limited number o f  unsteady blade sur- 
face pressure measurements were made on both rotors of a model counterrotation 
propeller. Emphasis was placed on determining the effects of rotor-rotor 
interactions on the blade surface pressures. In order to accomplish this, a 
unique method of processing the pressure signals was developed that enabled the 
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waveforms t o  be s e p a r a t e d  from t h e  t o t a l  s i g n a l .  T h i s  paper  p r e s e n t s  d a t a  for 
a model c o u n t e r r o t a t i o n  p r o p e l l e r  t h a t  was t e s t e d  i n  t h e  NASA Lewis  9- by  
15-Foot Anechoic  Wind Tunne l .  The t e s t  r e s u l t s  a r e  fo r  Mach 0 .20 ,  wh ich  i s  
r e p r e s e n t a t i v e  o f  t a k e o f f  and l a n d i n g  o p e r a t i o n .  The t e s t  p r o p e l l e r  ( d e s i g -  
n a t e d  F7/A3) had 1 1  f o r w a r d  and 9 a f t  b l a d e s .  The a f t  p r o p e l l e r  had a s m a l l e r  
d iamete r  t h a n  t h e  f o r w a r d  p r o p e l l e r  t o  reduce  i t s  i n t e r a c t i o n  w i t h  t h e  f o r w a r d  
p r o p e l l e r  t i p  v o r t i c e s .  T h i s  i n t e r a c t i o n  i s  t h o u g h t  t o  be a ma jo r  c o n t r i b u t o r  
t o  t h e  n o i s e  o f  c o u n t e r r o t a t i o n  p r o p e l l e r s  ( r e f s .  2 and 3 ) .  
The p r o p e l l e r  was t e s t e d  a t  t h r e e  ro to r  spac ings  a t  f i x e d  b l a d e  s e t t i n g  
ang les  t o  i n v e s t i g a t e  s p a c i n g  e f f e c t s  and a t  t h e  maximum b l a d e  row s p a c i n g  a t  
h i g h e r  b l a d e  s e t t i n g  a n g l e s  t o  i n v e s t i g a t e  l o a d i n g  e f f e c t s .  I t  was o p e r a t e d  
o v e r  a range o f  r o t a t i o n a l  speeds c o r r e s p o n d i n g  t o  f o r w a r d  ro to r  t i p  speeds 
from 191 t o  259 m/sec (626 t o  850 f t / s e c >  and a t  p r o p e l l e r  a x i s  a n g l e s  of  
a t t a c k  ( i n f l o w  a n g l e s )  up t o  k 1 6 " .  
t hese  c o n f i g u r a t i o n s  i s  p r e s e n t e d  i n  r e f e r e n c e  4 .  
Much o f  t h e  a c o u s t i c  d a t a  o b t a i n e d  f o r  
APPARATUS AND PROCEDURE 
Wind Tunnel and Model 
The NASA Lewis  9- by 15-Foot  Anecho ic  Wind Tunnel i s  l o c a t e d  i n  t h e  low- 
speed r e t u r n  l o o p  o f  t h e  8- by  6-Foot  Superson ic  Wind Tunne l .  
f low v e l o c i t y  i s  s l i g h t l y  o v e r  Mach 0.20, wh ich  p r o v i d e s  a t a k e o f f  and l a n d i n g  
t e s t  env i ronmen t .  The t u n n e l  a c o u s t i c  t r e a t m e n t  p r o v i d e s  anecho ic  c o n d i t i o n s  
down to  a f r e q u e n c y  o f  250 Hz, wh ich  i s  l o w e r  t h a n  t h e  range o f  t h e  fundamenta l  
t ones  produced by  t h e  F7/A3 p r o p e l l e r .  F i g u r e  1 shows a model c o u n t e r r o t a t i o n  
p r o p e l l e r  i n s t a l l e d  i n  t h e  t u n n e l .  The a c o u s t i c  i n s t r u m e n t a t i o n  i s  c l e a r l y  
e v i d e n t .  A comple te  d e s c r i p t i o n  o f  t h i s  i n s t r u m e n t a t i o n  can be f o u n d  i n  r e f e r -  
ence 4.  The i n s t a l l e d  p r o p e l l e r  was powered by  two independen t  a i r  t u r b i n e  
d r i v e s ,  a l l o w i n g  t h e  o p t i o n  o f  d i f f e r e n t  r o t a t i o n a l  speeds. The two ro to rs  
were des igned  t o  r u n  a t  t h e  same speed, b u t  t h e y  were o p e r a t e d  a t  a b o u t  100-rpm 
d i f f e r e n c e  t o  r e l i e v e  t h e  h i g h e r  t e s t  r i g  s t r e s s  e x p e r i e n c e d  w i t h  n e a r l y  equa l  
r o t a t i o n a l  speeds. 
The maximum a i r -  
The f r o n t  p r o p e l l e r  (F7 )  i s  62 .2  cm (24 .5  i n . )  i n  d i a m e t e r ,  b u t  t h e  a f t  
p r o p e l l e r ' s  d i a m e t e r  was reduced  to  i n v e s t i g a t e  expec ted  a c o u s t i c  b e n e f i t s  
a s s o c i a t e d  w i t h  a v o i d i n g  t h e  impingement  o f  t h e  ups t ream p r o p e l l e r ' s  t i p  v o r t e x  
wake on t h e  downstream p r o p e l l e r .  The model p r o p e l l e r  was r u n  i n  t h e  1 1  x 9 
b l a d e  c o n f i g u r a t i o n ,  w i t h  b l a d e  s e t t i n g  a n g l e s  f o r  e s s e n t i a l l y  equa l  t o r q u e  
between t h e  two b l a d e  rows. T h i s  a l s o  r e s u l t e d  i n  a n e a r l y  equa l  t h r u s t  s p l i t  
fo r  t h e  t e s t  c o n d i t i o n s .  Tab le  I a l s o  p r e s e n t s  p r o p e l l e r  d e s i g n  c h a r a c t e r i s -  
t i c s  a t  a c r u i s e  c o n d i t i o n  o f  Mach 0 .72 .  
Tab le  I 1  shows t h e  p r o p e l l e r  t e s t  c o n d i t i o n s  f o r  wh ich  d a t a  a r e  r e p o r t e d  
h e r e i n .  The model was o p e r a t e d  a t  i n f l o w  ang les  up t o  *16" .  The p r o p e l l e r  
was t e s t e d  a t  a f o r w a r d  b l a d e  s e t t i n g  a n g l e  o f  36.4"  (measured a t  0 . 7 5  r a d i u s )  
and an a f t  b l a d e  s e t t i n g  a n g l e  o f  43 .5"  a t  t h r e e  b l a d e  row s p a c i n g s .  The p ro -  
p e l l e r  was a l s o  t e s t e d  a t  h i  h e r  b l a d e  s e t t i n g  a n g l e s  o f  41.1"  and 46.4"  a t  t h e  
maximum b l a d e  row s p a c i n g .  h e r e  i s  some q u e s t i o n  as t o  wh ich  b l a d e  s e t t i n g  
ang les  and t i p  speeds s h o u l d  be chosen t o  m i n i m i z e  n o i s e  w h i l e  p r o v i d i n g  t h e  
necessa ry  t a k e o f f  t h r u s t .  H ghe r  b l a d e  s e t t i n g  a n g l e s  w i t h  a c o r r e s p o n d i n g  
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r e d u c t i o n  i n  r o t a t i o n a l  speed ( t o  m a i n t a i n  t h e  same t h r u s t )  may l o w e r  t h e  p ro -  
p e l l e r  n o i s e .  T h i s  would suggest  t h a t  t h e  more h i g h l y  l oaded  b l a d e  a n g l e  may 
be more t y p i c a l  o f  d e s i r e d  f u l l - s c a l e  o p e r a t i o n .  The b l a d e  row s p a c i n g  i s  p r e -  
sen ted  i n  terms o f  t h e  p h y s i c a l  a x i a l  spac ing  between t h e  ups t ream and down- 
s t ream b l a d e  p i t c h  change axes .  
F i g u r e  2 shows p l a n  v iews o f  t h e  F7lA3 and F7lA7 b l a d i n g .  The A7 b l a d e s  
were t h e  o r i g i n a l  f u l l - d i a m e t e r  b l a d e s  des igned t o  go w i t h  t h e  F7 b l a d e s .  Note  
t h a t  t h e  s m a l l e r - d i a m e t e r  A3 b l a d e  has a c o r r e s p o n d i n g  c h o r d  i n c r e a s e  so t h a t  
i t  can m a i n t a i n  t h e  same t h r u s t  as t h e  A7 b l a d e  ( a t  t h e  same r o t a t i o n a l  speed 
b u t  w i t h  a h i g h e r  A3 b l a d e  s e t t i n g  a n g l e ) .  
Blade-Mounted Pressu re  Transducers  
Four  K u l i t e  m i n i a t u r e  p r e s s u r e  t r a n s d u c e r s  were mounted on  f o u r  d i f f e r e n t  
b l a d e s  i n  t h e  p o s i t i o n s  shown i n  f i g u r e  3 ( a > .  Two t r a n s d u c e r s  were i n s t a l l e d  
on  t h e  f r o n t  r o to r  (F7 b l a d e s )  and two on  t h e  a f t  r o to r  ( A 3  b l a d e s ) .  A l l  
t r a n s d u c e r s  were l o c a t e d  a t  t h e  0 .75  r a d i u s  and 0 .15  c h o r d  s t a t i o n ,  where t h e  
r e f e r e n c e  r a d i u s  used fo r  t h e  A3 b l a d e  was t h e  r a d i u s  o f  t h e  o r i g i n a l  A7 b l a d e .  
For each ro tor  one b l  ade-mounted p r e s s u r e  t r a n s d u c e r  (BMT)  measured t h e  p r e s -  
s u r e  s u r f a c e  o f  t h e  b l a d e  and t h e  o t h e r  t h e  s u c t i o n  s u r f a c e .  The t r a n s d u c e r s  
were mounted t o  measure t h e  p r e s s u r e  t h r o u g h  a 1.55-mm-diameter h o l e  d r i l l e d  
t h r o u g h  t h e  b l a d e ,  as shown i n  f i g u r e  3 ( b > .  A room- tempera ture  v u l c a n i z i n g  
( R T V )  s i l i c o n e  adhes ive  was used f o r  bond ing  i n  o r d e r  t o  ensure  t h a t  t h e  t r a n s -  
duce rs  were s t r a i n  i s o l a t e d  from t h e  b l a d e .  The RTV adhes ive  was a l s o  used t o  
f a i r  t h e  B M T ' s  i n t o  t h e  b l a d e  s u r f a c e .  
The BMT's were c a l i b r a t e d  by a p p l y i n g  a f l u c t u a t i n g  p r e s s u r e  o f  known 
l e v e l  and f r e q u e n c y  d i r e c t l y  t o  t h e  i n s t a l l e d  BMT's. The g a i n  o f  t h e  a m p l i f i e d  
o u t p u t  s i g n a l  was a d j u s t e d  t o  g e t  t h e  c o r r e c t  v o l t a g e .  Reference 5 d e s c r i b e s  
t h e  c a l  i b r a t i o n  t e c h n i q u e  i n  d e t a i  1 .  S i g n a l s  from t h e  B M T ' s  were t a k e n  o f f  t h e  
rotors by  u s i n g  f requency-modu la ted  (FM) t e l e m e t r y .  The t e l e m e t r y  s y s t e m  was 
n o t  des igned  f o r  f o u r - a r m  b r i d g e  t r a n s d u c e r s .  W i r i n g  and components e x t e r n a l  
t o  t h e  t e l e m e t r y  module were used t o  c o r r e c t  t h i s  d e f i c i e n c y  b u t  o n l y  p e r m i t t e d  
i n s t a l l a t i o n  of f o u r  t r a n s d u c e r s .  W i r i n g  problems were encoun te red  d u r i n g  
t e s t i n g .  These problems caused b roken ,  or comple te  loss o f ,  s i g n a l  a t  t i m e s .  
Thus, a comp le te  s e t  o f  d a t a  for a l l  f o u r  B M T ' s  and a l l  o p e r a t i n g  c o n d i t i o n s  
was n o t  a v a i l a b l e .  One BMT l o c a t e d  a t  t h e  p r e s s u r e - s u r f a c e  s t a t i o n  on t h e  for- 
ward ro tor  e x p e r i e n c e d  s i g n a l  loss a t  a l l  o p e r a t i n g  speeds above 20 p e r c e n t  of 
d e s i g n .  
The t e l e m e t r y  s y s t e m ' s  f r e q u e n c y  response was 20 kHz. These s i g n a l s  a l o n g  
w i t h  b o t h  ro tor  o n c e - p e r - r e v o l u t i o n  s i g n a l s  were r e c o r d e d  on FM t a p e .  The 
r e c o r d e d  s i g n a l s  were t h e n  d i g i t i z e d  a t  a r a t e  o f  a p p r o x i m a t e l y  256  samples p e r  
i n t e r a c t i o n  p e r i o d .  An i n t e r a c t i o n  p e r i o d  i s  d e f i n e d  h e r e  as t h e  t i m e  i t  t a k e s  
for b l a d e  1 on  t h e  f o r w a r d  ro tor  t o  pass by  a l l  t h e  b lades  on  t h e  a f t  r o to r .  
For c o u n t e r r o t a t i n g  b l a d e  rows o p e r a t i n g  a t  t h e  same speeds, t h i s  p e r i o d  wou ld  
be o n e - h a l f  o f  t h e  p e r i o d  o f  a ro to r  r e v o l u t i o n .  I n  a d d i t i o n ,  f o r  some o f  t h e  
d a t a  r u n  w i t h  t h e  p r o p e l l e r  a x i s  a t  an a n g l e  t o  t h e  f low, t h e  s i g n a l s  were a l s o  
d i g i t i z e d  a t  a r a t e  o f  128 samples p e r  r e v o l u t i o n  so t h a t  t h e y  c o u l d  be ave r -  
aged synchronous t o  t h e  o n c e - p e r - r e v o l u t i o n  p u l s e .  
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Since  t h e  p r i m a r y  concern  i n  t h i s  i n v e s t i g a t i o n  was t h e  i n t e r a c t i o n  o f  
t h e  ro to rs ,  a method was deve loped  t o  average t h e  p r e s s u r e  s i g n a l s  i n  t h e  t i m e  
domain synchronous t o  t h e  i n t e r a c t i o n  f r e q u e n c y .  T h i s  was done t o  g r e a t l y  
reduce a l l  s i g n a l s  t h a t  were n o t  c o h e r e n t  t o  t h e  i n t e r a c t i o n  f r e q u e n c y .  W i th -  
o u t  t h i s  p r o c e s s i n g  i t  wou ld  n o t  have been p o s s i b l e  t o  a c c u r a t e l y  v i e w  t h e  
waveforms n o r  i n  many cases t h e  s p e c t r a  produced by  t h e  ro tor  i n t e r a c t i o n s .  
The p r o c e s s i n g  used fo r  c o u n t e r r o t a t i o n  was s i m i l a r  t o  t h e  t ime-domain averag-  
i n g  commonly used fo r  s i n g l e - r o t a t i o n  mach ine ry .  The d i f f e r e n c e  was t h a t  i n -  
s t e a d  o f  a v e r a g i n g  synchronous t o  t h e  o n c e - p e r - r e v o l u t i o n  s i g n a l s  ( p u l s e s ) ,  
s y n c h r o n i z a t i o n  t o  t h e  o n c e - p e r - r e l a t i v e - r e v o l u t i o n  s i g n a l s  ( i n t e r a c t i o n s )  was 
used.  S ince  t h e r e  was no  p u l s e  t o  s i g n a l  t h e  s t a r t  o f  each i n t e r a c t i o n  p e r i o d ,  
one was c a l c u l a t e d  d u r i n g  p o s t - t e s t  p r o c e s s i n g .  
The f o l l o w i n g  i s  a b r i e f  d e s c r i p t i o n  o f  t h e  s i g n a l  p r o c e s s i n g  used:  The 
d i g i t a l  i n f o r m a t i o n  was p rocessed  on a mainframe computer  t o  produce 100 t i m e  
ensembles o f  10 i n t e r a c t i o n  p e r i o d s  each.  By u s i n g  t h e  o n c e - p e r - r e v o l u t i o n  
s i g n a l s  ( p u l s e s ) ,  t h e  t i m e  ensembles were fo rmed synchronous t o  t h e  ro tor  
i n t e r a c t i o n .  T h i s  was done by  c a l c u l a t i n g  t h e  a z i m u t h a l  a n g l e  o f  b l a d e  1 on  
b o t h  ro tors .  For e v e r y  d a t a  sample t h e  a z i m u t h a l  a n g l e  was known when a d a t a  
sample c o n t a i n e d  t h e  o n c e - p e r - r e v o l u t i o n  p u l s e .  The a n g l e  f o r  subsequent  Sam- 
p l e s  was de te rm ined  by a known r o t a t i o n a l  speed and sample r a t e  and t h e  number 
o f  samples s i n c e  t h e  p u l s e  was l a s t  d e t e c t e d .  When t h e  a z i m u t h a l  a n g l e s  o f  
b o t h  b lades  w e r e  e q u a l ,  t h e  i n t e r a c t i o n  p e r i o d  was s t a r t e d .  T h i s  p o i n t  i n  t i m e  
was used t o  s y n c h r o n i z e  t h e  t i m e  ensembles and t h e  i n t e r a c t i o n s  w i t h i n  t h e  
ensembles. S y n c h r o n i z a t i o n  was m a i n t a i n e d  by  a d d i n g  or s u b t r a c t i n g  one sample 
so as t o  h o l d  an e x a c t  2 5 6 - s a m p l e s - p e r - i n t e r a c t i o n  p e r i o d .  I f  errors o f  more 
than  one sample were found ,  t h e  p e r i o d  and t h e  e n t i r e  ensemble i t  was p a r t  o f  
w e r e  r e j e c t e d .  The number o f  samples p e r  r e v o l u t i o n  was a l s o  m o n i t o r e d ,  and 
d a t a  were r e j e c t e d  when t h e  d e v i a t i o n  was more t h a n  one sample from t h e  average 
(app rox .  512 s a m p l e s / r e v ) .  The ensembles were averaged ( t ime-domain  a v e r a g i n g )  
t o  produce waveforms. The f a s t  F o u r i e r  t r a n s f o r m  ( F F T )  was used t o  produce 
enhanced s p e c t r a  and phase ( a z i m u t h a l )  a n g l e s .  I n  a d d i t i o n ,  FFT 's  were t a k e n  
o f  t h e  i n d i v i d u a l  t i m e  ensembles o f  d a t a  and t h e n  averaged i n  t h e  f r e q u e n c y  
domain. These s p e c t r a  were used t o  m o n i t o r  d a t a  q u a l i t y  and t o  o b t a i n  an o v e r -  
v iew  o f  a l l  p a r t s  o f  t h e  p r e s s u r e  s i g n a l .  A l l  s p e c t r a  p roduced were i n  te rms 
o f  i n t e r a c t i o n  o r d e r s  (1)  or s h a f t  o r d e r s  ( P I .  
For some o f  t h e  i n f l o w  a n g l e  c o n d i t i o n s  a d d i t i o n a l  p r o c e s s i n g  of t h e  
128-samp les -pe r - revo lu t i on  d a t a  was done.  T h i s  p r o c e s s i n g  s i m p l y  i n v o l v e d  syn- 
c h r o n i z i n g  each r e v o l u t i o n  o f  d a t a  t o  t h e  o n c e - p e r - r e v o l u t i o n  p u l s e .  
completed d e s c r i p t i o n  o f  t h i s  p rocess  i s  c o n t a i n e d  i n  r e f e r e n c e  5 .  
A more 
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Rotor I n t e r a c t i o n  Tone 
The e f f e c t s  o f  ro tor  spac ing ,  r o t a t i o n a l  speed, and b l a d e  s e t t i n g  a n g l e  on  
t h e  b l a d e  s u r f a c e  p r e s s u r e  o f  t h e  F7/A3 c o u n t e r r o t a t i o n  p r o p e l l e r  were i n v e s t i -  
ga ted .  Emphasis was p l a c e d  on  t h e  i n t e r a c t i o n  tones  and t h e i r  ha rmon ics ,  s i n c e  
t h e y  a r e  t h e  source  of much n o i s e  f o r  c o u n t e r r o t a t i o n  p r o p e l l e r s .  
The a f t  rotor b l a d e s  c u t t i n g  t h r o u g h  t h e  f l ow  l e a v i n g  t h e  f o r w a r d  rotor 
b lades  was expec ted  t o  have t h e  l a r g e s t  i n t e r a c t i o n .  F i g u r e  4 ( a )  shows a 
f a i r l y  t y p i c a l  waveform o f  t h e  s u c t i o n  s u r f a c e  o f  an a f t  ro tor  b l a d e .  The 
4 
rotors were a t  90 p e r c e n t  o f  d e s i g n  speed and t h e  ro to r  s p a c i n g  was n o m i n a l .  
The BMT was l o c a t e d  a t  0.75 r a d i u s  and 0 .15  cho rd  as were a l l  t h e  BMT's. T h i s  
waveform was produced by synch ronous ly  a v e r a g i n g  100 i n t e r a c t i o n  p e r i o d s .  Each 
p e r i o d  r e p r e s e n t e d  360" o f  r o t a t i o n  o f  t h e  f o r w a r d  ro to r  r e l a t i v e  t o  t h e  a f t .  
The p l o t  shows 1 1  c y c l e s  c o n t a i n e d  w i t h i n  t h e  360"; each c y c l e  was caused by  
t h e  f low from an i n d i v i d u a l  f o r w a r d  ro tor  b l a d e .  The b l a d e - t o - b l a d e  v a r i a t i o n  
i n  s e t t i n g  a n g l e  and shape was p r o b a b l y  t h e  cause of t h e  v a r i a t i o n s  between t h e  
11 waveforms. The sawtoo th  waveform r e s u l t e d  from v a r i a t i o n s  i n  b o t h  t h e  a n g l e  
and magni tude o f  t h e  v e l o c i t y  i n  t h e  f o r w a r d  rotor e x i t  flow. The FFT o f  t h i s  
waveform i s  shown i n  f i g u r e  4 ( b > .  I n c l u d e d  i n  t h i s  f i g u r e  i s  t h e  f r e q u e n c y -  
domain-averaged spec t rum shown by  t h e  d o t t e d  l i n e .  The spec t rum shows t h e  
fundamenta l  t one  or b l a d e  p a s s i n g  o r d e r  (BPO) a t  t h e  1 1 t h  i n t e r a c t i o n  
( o r d e r  1 1  I > .  Nine  harmonics o f  t h i s  tone  a r e  p r e s e n t ,  i n d i c a t i n g  a h i g h l y  
n o n s i n u s o i d a l  waveform. The s e p a r a t i o n  between t h e  t ime-  and f requency-domain-  
averaged s p e c t r a  i s  a l m o s t  an o r d e r  o f  magn i tude where no  coherence t o  t h e  
i n t e r a c t i o n  f r e q u e n c y  e x i s t s .  
The waveform and spec t rum f o r  t h e  s u c t i o n  s u r f a c e  of t h e  f o r w a r d  ro tor  
b l a d e  a t  t h e  same o p e r a t i n g  p o i n t  a r e  shown i n  f i g u r e  5 .  Here t h e  waveform 
i n d i c a t e s  n i n e  c y c l e s  p e r  i n t e r a c t i o n  c o r r e s p o n d i n g  t o  t h e  n i n e  b l a d e s  of t h e  
a f t  r o to r .  S i n c e  t h e  a f t  ro to r  i s  downstream, t h e  mechanism o f  t h e  i n t e r a c t i o n  
must  be one t h a t  can p ropaga te  ups t ream,  such as a p o t e n t i a l  f low f i e l d  or  
a c o u s t i c  waves. The magn i tude o f  t h i s  i n t e r a c t i o n  was more t h a n  an o r d e r  o f  
magn i tude (20 dB> be low t h a t  o f  t h e  f low i n t e r a c t i o n s  on  t h e  a f t  ro to r .  The 
spec t rum o f  t h e  f o r w a r d  ro to r  shows much l o w e r  harmon ic  c o n t e n t  t h a n  t h a t  of 
t h e  a f t  ro tor ,  i n d i c a t i n g  a more s i n u s o i d a l  waveform. O n l y  t h e  fundamenta l  BPO 
s i g n i f i c a n t l y  p e n e t r a t e d  t h e  broadband o f  t h e  frequency-domain-averaged spec- 
t rum.  T h i s  i s  a good example o f  t h e  need t o  synch ronous ly  average i n  t h e  t i m e  
domain, s i n c e  much o f  t h e  i n t e r a c t i o n  s i g n a l  was be low t h e  broadband and t h e  
s h a f t  o r d e r  t o n e s .  
E f f e c t  o f  r o t a t i o n a l  speed. - The e f f e c t  o f  r o t a t i o n a l  speed o n  t h e  a m p l i -  
t ude  of t h e  BPO t o n e  and i t s  harmon ics  i n  te rms o f  t h e  uns teady  p r e s s u r e  c o e f -  
f i c i e n t  Cp i s  shown i n  f i g u r e s  6 t o  8 f o r  a l l  t h r e e  ro tor  s p a c i n g s .  
The uns teady  p r e s s u r e  d a t a  were  n o r m a l i z e d  by  d i v i d i n g  by  t h e  dynamic 
p r e s s u r e  q a t  t h e  r a d i a l  l o c a t i o n  o f  t h e  measur ing  s t a t i o n  t o  p roduce  a p r e s -  
su re  c o e f f i c i e n t .  The q was c a l c u l a t e d  from t h e  t u n n e l  s t a t i c  p r e s s u r e  and 
t h e  e s t i m a t e d  b l a d e  r e l a t i v e  Mach number. H e l i c a l  Mach number ( v e c t o r  sum of 
t a n g e n t i a l  v e l o c i t y  and f o r w a r d  v e l o c i t y )  was n o t  used,  s i n c e  i t  does n o t  
accoun t  fo r  t h e  s w i r l  and i n c r e a s e  i n  a x i a l  v e l o c i t y  on  t h e  a f t  ro tor  caused by  
t h e  f o r w a r d  ro to r .  I n  an a t t e m p t  t o  improve upon t h e  e s t i m a t e d  q t h e  a x i a l  
Mach number b o t h  e n t e r i n g  and e x i t i n g  t h e  f o r w a r d  ro to r  was e s t i m a t e d  from 
momentum t h e o r y  and measured t h r u s t .  S w i r l  v e l o c i t y  l e a v i n g  t h e  f o r w a r d  ro to r  
was e s t i m a t e d  from t h e  measured t o r q u e .  The v a l u e s  o f  dynamic p r e s s u r e  used t o  
o b t a i n  t h e  p r e s s u r e  c o e f f i c i e n t s  a r e  l i s t e d  i n  t a b l e  111. 
The BMT on  t h e  f o r w a r d  ro to r  b l a d e  a t  t h e  s u c t i o n - s u r f a c e  s t a t i o n  i s  shown 
i n  f i g u r e  6 .  The fundamenta l  BPO g e n e r a l l y  showed an i n c r e a s e  w i t h  speed for 
a l l  ro to r  spac ings .  There was a p r o g r e s s i v e  decrease i n  l e v e l  w i t h  harmon ic  
number. The h i g h e r  harmon ics  were g e n e r a l l y  i n s e n s i t i v e  t o  speed, w i t h  t h e  
e x c e p t i o n  o f  t h e  second harmon ic  a t  maximum spac ing .  
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The BMT s u c t i o n - s u r f a c e  d a t a  fo r  t h e  a f t  r o to r  a r e  shown i n  f i g u r e  7 .  The 
b e h a v i o r  o f  t h e  BPO t o n e  f o r  t h e  a f t  ro tor  was much more c o m p l i c a t e d .  
maximum ro to r  s p a c i n g  i t  i n c r e a s e d  w i t h  speed u n t i l  90 p e r c e n t ,  where t h e r e  was 
a r e v e r s a l  o f  s l o p e .  A t  t h e  nominal  ro tor  s p a c i n g  i t  i n c r e a s e d  v e r y  r a p i d l y  
w i t h  speed a t  a l l  speeds. The minimum ro to r  s p a c i n g  produced an unusua l  m i n i -  
mum i n  t h e  BPO a t  90-percent  speed. For t h e  minimum spac ing  a t  90 -pe rcen t  
speed a l l  h i g h e r  harmon ics  shown had h i g h e r  l e v e l s  t h a n  t h e  fundamenta l .  
l e v e l s  o f  t h e  h i g h e r  harmon ics  g e n e r a l l y  decreased w i t h  harmonic  number and 
w e r e  i n s e n s i t i v e  t o  speed. 
The response o f  t h e  p r e s s u r e - s u r f a c e  BMT f o r  t h e  a f t  ro to r  i s  shown i n  
The BPO tone  showed no  l a r g e  t r e n d s  as a f u n c t i o n  o f  speed, w i t h  
A t  t h e  
The 
f i g u r e  8 .  
t h e  e x c e p t i o n  o f  t h e  jump i n  t h e  nomina l  s p a c i n g  d a t a  a t  90 -pe rcen t  speed. 
The response o f  t h i s  p r e s s u r e - s u r f a c e  BMT was l o w e r  t h a n  t h a t  o f  t h e  s u c t i o n  
s u r f a c e .  P r e v i o u s  i n v e s t i g a t i o n s  ( r e f s .  5 and 6 )  have shown t h a t  t h e  s u c t i o n -  
s u r f a c e  B M T ' s  near  t h e  l e a d i n g  edge a r e  v e r y  s e n s i t i v e  t o  i n f l o w  a n g l e  changes.  
I n  a d d i t i o n  t o  s e n s i t i v i t y ,  t h i s  l o c a t i o n  has shown a l a r g e  n o n l i n e a r  response  
t o  i n f l o w  a n g l e  changes. For t h i s  reason  we b e l i e v e  t h a t  t h e  p r e s s u r e - s u r f a c e  
B M T ' s  may p r o v i d e  a b e t t e r  i n d i c a t i o n  o f  ro to r  i n f l o w  c o n d i t i o n s .  
E f f e c t  o f  ro to r  s p a c i n g .  - The e f f e c t  o f  ro tor  s p a c i n g  on  t h e  a m p l i t u d e  
o f  t h e  BPO tone  i s  shown i n  f i g u r e  9 f o r  t h e  f o r w a r d  ro to r  BMT on  t h e  s u c t i o n  
s u r f a c e .  The l e v e l  o f  t h e  BPO i n c r e a s e d  as t h e  s p a c i n g  was d e c r e a s e d ,  w i t h  t h e  
e x c e p t i o n  o f  95 -pe rcen t  speed, where t h e  maximum and nomina l  s p a c i n g  r e v e r s e d  
t h e  t r e n d .  I t  was g e n e r a l l y  expec ted  t h a t  t h e  i n t e r a c t i o n  e f f e c t s  wou ld  
i n c r e a s e  w i t h  d e c r e a s i n g  s p a c i n g  as was t h e  g e n e r a l  case f o r  t h e  f o r w a r d  ro to r .  
The BPO l e v e l  on t h e  a f t  ro to r  had a more complex response  t o  t h e  spac ing ,  as 
shown i n  f i g u r e  10. The maximum and nomina l  s p a c i n g  showed t h e  expec ted  t r e n d .  
The minimum s p a c i n g  d a t a  a l s o  showed t h e  expec ted  t r e n d  a t  70- and 75 -pe rcen t  
speed b u t  a r e v e r s a l  a t  h i g h e r  speeds w i t h  a much l o w e r  l e v e l  t h a n  t h e  n o m i n a l ,  
and i n  many cases,  t h e  maximum-spacing d a t a .  A look a t  t h e  h i g h e r  harmon ics  i n  
f i g u r e  7 shows no l a r g e  t r e n d s  w i t h  s p a c i n g .  T h i s  i n d i c a t e s  t h a t  t h e  f i n e  
s t r u c t u r e  o f  t h e  b l a d e  wake p r o f i l e  was much t h e  same and t h a t  o n l y  t h e  l e v e l  
o f  t h e  fundamenta l  changed. Lower l e v e l s  o f  t h e  BPO t o n e  i m p l y  a more u n i f o r m  
v e l o c i t y  p r o f i l e  ( i n  t e r m s  o f  t h e  f u n d a m e n t a l ] .  The reason  f o r  a more u n i f o r m  
v e l o c i t y  p r o f i l e  a t  minimum s p a c i n g  was n o t  i m m e d i a t e l y  c l e a r .  
E f f e c t  o f  b l a d e  s e t t i n g  a n g l e .  - A l l  o f  t h e  p r e v i o u s  d a t a  p r e s e n t e d  were 
f o r  b l a d e  s e t t i n g  a n g l e s  o f  36.4"  and 43.5"  fo r  t h e  f o r w a r d  and a f t  b l a d e s ,  
r e s p e c t i v e l y .  For t h e  maximum ro to r  s p a c i n g  o n l y ,  t h e  b l a d e  s e t t i n g  a n g l e s  
were i n c r e a s e d  t o  41.1" and 46 .4" ,  r e s p e c t i v e l y .  The b l a d e  l o a d i n g  a t  t h e s e  
h i g h e r  s e t t i n g  ang les  i s  t h o u g h t  t o  be more r e p r e s e n t a t i v e  o f  f u l l - s c a l e  ope ra -  
t i o n .  The BPO p r e s s u r e  l e v e l s  f o r  these  two s e t s  o f  b l a d e  a n g l e s  f o r  t h e  
f o r w a r d  ro to r  a r e  compared i n  f i g u r e s  1 1  and 12.  The s u c t i o n - s u r f a c e  BMT 
( f i g .  1 1 )  shows a v e r y  l a r g e  i n c r e a s e  i n  BPO l e v e l  f o r  t h e  h i g h e r  b l a d e  s e t t i n g  
a n g l e s .  About  t h e  o n l y  unusua l  f e a t u r e  a t  t h i s  l o c a t i o n  i s  a decrease i n  l e v e l  
a t  90-percent  speed fo r  t h e  h i g h  b l a d e  s e t t i n g  a n g l e s .  The s u c t i o n - s u r f a c e  BMT 
f o r  t h e  a f t  ro tor  had a more c o m p l i c a t e d  b e h a v i o r ,  as shown i n  f i g u r e  12 (a ) .  
For most o f  t h e  speed range t h e  h i g h e r  b l a d e  s e t t i n g  a n g l e  c o n f i g u r a t i o n  had 
h i g h e r  BPO p r e s s u r e  l e v e l s ,  b u t  s l i g h t l y  above 85 -pe rcen t  speed t h i s  t r e n d  
r e v e r s e d .  The p r e s s u r e - s u r f a c e  BMT f o r  t h e  a f t  ro to r  had h i g h e r  BPO l e v e l s  a t  
t h e  h i g h e r  b l a d e  s e t t i n g  a n g l e s  f o r  a l l  speeds, as shown i n  f i g u r e  1 2 ( b ) .  
Between 85- and 90-percent  speed a v e r y  l a r g e  i n c r e a s e  f o r  t h e  h i g h e r  b l a d e  
s e t t i n g  ang les  was obse rved .  
Note t h a t  changes i n  BPO l e v e l s  can r e s u l t  from changes i n  t h e  uns teady  
p r e s s u r e  response o f  t h e  b l a d e s  as a f u n c t i o n  o f  reduced f r e q u e n c y  or l o c a l  
f low phenomena such as a l ead ing -edge  v o r t e x .  S nce t h e r e  i s  no guaran tee  of 
l i n e a r  p r e s s u r e  response t o  i n f l o w  c o n d i t i o n s  or c o n s t a n t  response w i t h  f r e -  
quency, t hese  d a t a  p r o v i d e  o n l y  a q u a l i t a t i v e  gu de t o  t h e  i n f l o w  c o n d i t i o n s  of 
each ro to r .  
Angu la r  I n f l o w  
The F7/A3 was r u n  a t  i n f l o w  ang les  up t o  k16" .  These d a t a  were d i g i t i z e d  
and processed t w i c e :  f i rst  synchronous to  t h e  i n t e r a c t i o n  f r e q u e n c y ,  and t h e n  
synchronous t o  t h e  r o t a t i o n a l  speed. Most o f  t h e  response t o  a n g u l a r  i n f l o w  
can be seen i n  t h e  r o t a t i o n a l  speed synchronous p r o c e s s i n g .  
An i n t e r e s t i n g  f e a t u r e  o f  t h e  BMT s i g n a l s  f o r  a n g u l a r  i n f l o w  can be seen 
i n  f i g u r e  13, where t h e  f requency-domain-averaged (nonsynchronous)  spec t rum for 
16" i n f l o w  i s  compared w i t h  t h e  z e r o  i n f l o w  a n g l e  spect rum. These s p e c t r a  a r e  
for t h e  s u c t i o n - s u r f a c e  BMT o f  t h e  a f t  (A3)  ro to r  a t  90-percent  speed. W i t h  
no  a n g u l a r  i n f l o w  t h e  spec t rum i s  dominated  by  t h e  BPO and i t s  harmon ics  
( f i g .  1 3 ( a > ) .  The BPO o c c u r r e d  a t  t h e  1 1 t h  i n t e r a c t i o n  o r d e r ,  c o r r e s p o n d i n g  
t o  t h e  1 1  b l a d e s  o f  t h e  f o r w a r d  ro to r .  For 16" i n f l o w  ( f i g .  1 3 ( b ) >  t h e r e  were 
s e v e r a l  t o n e s  on e i t h e r  s i d e  ( s idebands )  o f  t h e  BPO and i t s  ha rmon ics .  Each 
o f  these  tones  was spaced one s h a f t  o r d e r  P ( a p p r o x .  o n e - h a l f  an i n t e r a c t i o n  
o r d e r  I >  a p a r t .  We t h i n k  t h a t  t h i s  was f o r  t h e  most p a r t  a r e s u l t  o f  t h e  mod- 
u l a t i o n  o f  t h e  s p a c i n g  o f  t h e  11 b l a d e  wakes i n  response t o  t h e  once-per-  
r e v o l u t i o n  l o a d i n g  change ( f r e q u e n c y  m o d u l a t i o n ) .  M o d u l a t i o n  o f  t h e  e x i t  vec- 
tor  d iag ram o f  t h e  f o r w a r d  ro tor  b lades  i n  response t o  t h e  1-P l o a d i n g  may 
a l s o  have c o n t r i b u t e d  t o  some a m p l i t u d e  m o d u l a t i o n  o f  t h e  b l a d e  p r e s s u r e .  The 
peak tone  tended t o  be l o w e r  i n  f r e q u e n c y  t h a n  t h e  BPO tone ,  perhaps  because 
b l a d e  wakes t h a t  a r e  f u r t h e r  a p a r t  a r e  a l s o  s t r o n g e r .  The f a c t  t h a t  t h e r e  were 
s e v e r a l  s idebands and t h e  BPO ( c a r r i e r  f r e q u e n c y )  was s m a l l e r  t h a n  some of t h e  
s idebands i s  s t r o n g  ev idence  o f  f r e q u e n c y  m o d u l a t i o n .  The s t r o n g  tone  i n  f i g -  
u r e  13 (b>  a t  1 P (app rox .  1 / 2  I> i s  a r e s u l t  o f  t h e  o n c e - p e r - r e v o l u t i o n  l oad -  
i n g  change imposed by  t h e  a n g u l a r  i n f l o w .  The a n g u l a r  i n f l o w  on t h e  f o r w a r d  
ro tor  caused an a z i m u t h a l  v a r i a t i o n  o f  t h e  v e l o c i t y  v e c t o r  e n t e r i n g  t h e  a f t  
ro to r .  The s w i r l  component o f  t h e  v e l o c i t y  p r o b a b l y  had t h e  g r e a t e s t  e f f e c t  
on t h e  a f t  ro tor  1-P l o a d i n g .  
The o n c e - p e r - r e v o l u t i o n ,  synchronous,  t ime-averaged p r e s s u r e  waveform for 
t h e  s u c t i o n - s u r f a c e  BMT on b o t h  ro tors  i s  shown i n  f i g u r e  14 fo r  90 -pe rcen t  
speed and an i n f l o w  a n g l e  of  16" .  The a z i m u t h a l  a n g l e  used i n  t h i s  f i g u r e  was 
t h a t  o f  t h e  f o r w a r d  ro tor ,  w i t h  z e r o  a t  t h e  t o p  o f  t h e  t u n n e l  and t h e  p o s i t i v e  
a n g l e  i n  t h e  d i r e c t i o n  o f  r o t a t i o n .  S i n c e  t h e  a f t  r o to r  r o t a t e d  i n  t h e  oppo- 
s i t e  d i r e c t i o n ,  i t  was p l o t t e d  from r i g h t  t o  l e f t  (360"  t o  0 " )  so as t o  be con- 
s i s t e n t  w i t h  t h e  f o r w a r d  r o t o r ' s  a z i m u t h a l  a n g l e  s c a l e .  When t h e  p r o p e l l e r  was 
a t  p o s i t i v e  yaw a n g l e s  t o  t h e  f l ow  ( t o  t h e  l e f t  i n  f i g .  l ) ,  a n e a r l y  s i n u s o i d a l  
v a r i a t i o n  o f  t h e  i n s t a n t a n e o u s  b l a d e  a n g l e  o f  a t t a c k  o c c u r r e d  w i t h  a maximum a t  
z e r o  degrees f o r  t h e  f o r w a r d  ro to r .  Maximum l o a d i n g  on t h e  s u c t i o n  su r face  i s  
i n d i c a t e d  by  a minimum p r e s s u r e .  
shows a minimum p r e s s u r e  j u s t  p a s t  t h e  z e r o  a n g l e ,  i n d i c a t i n g  a phase l a g  
between t h e  b l a d e  a n g l e  o f  a t t a c k  and t h e  p r e s s u r e .  The FFT a n a l y s i s  of t h i s  
waveform showed a phase l a g  o f  25" .  This i s  s i m i l a r  t o  r e s u l t s  o b t a i n e d  f o r  a 
s i n g l e - r o t a t i o n  p r o p e l l e r  ( r e f .  6 ) .  The a f t  ro tor  had a minimum p r e s s u r e  near  
The waveform fo r  t h e  f o r w a r d  ro to r  b l a d e  
270" .  T h i s  was Somewhat s u r p r i s i n g ,  s i n c e  a s i m p l e  model, where t h e  f o r w a r d  
ro to r  i s  n o t  p r e s e n t ,  suggested  t h a t  t h e  minimum would o c c u r  near  an a z i m u t h a l  
a n g l e  o f  180" .  Thus, i t  would appear t h a t  t h e  p r e s s u r e  was l e a d i n g  t h e  b l a d e  
a n g l e  o f  a t t a c k  by  a s u b s t a n t i a l  amount ( 8 7 " ) .  S ince  t h i s  i s  n o t  l i k e l y ,  t h e  
f o r w a r d  r o t o r  must be r e s p o n s i b l e  fo r  a s i g n i f i c a n t  change i n  t h e  l o c a t i o n  
( a z i m u t h a l  a n g l e )  o f  maximum l o a d i n g  on  t h e  a f t  r o to r .  One e f f e c t  t h a t  wou ld  
change t h e  l o c a t i o n  o f  maximum l o a d i n g  i s  s w i r l  l e a v i n g  t h e  f o r w a r d  ro to r .  An 
e s t i m a t e  o f  t h e  average s w i r l  y i e l d e d  a d i sp lacemen t  o f  12" i n  t h e  d i r e c t i o n  of 
f o r w a r d  ro to r  r o t a t i o n  f o r  t h e  d a t a  shown. T h i s  would r e s u l t  i n  an a p p a r e n t  
l e a d  o f  12" on  t h e  a f t  r o t o r .  A l a r g e r  e f f e c t  c o u l d  be t h e  l a g  i n  t h e  b l a d e  
forces r e l a t i v e  t o  a n g l e .  The s w i r l  v e l o c i t y  i n  t h e  f o r w a r d  ro tor  e x i t  f low 
would be expec ted  t o  l a g  t h e  a n g l e  o f  a t t a c k  by t h e  same amount as t h e  b l a d e  
f o r c e s  lagged.  
s w i r l  d i s p l a c e m e n t ,  i t  i s  s t i l l  n o t  enough t o  e x p l a i n  t h e  l a r g e  d i f f e r e n c e  (87 "  
i n  measured l e a d  p l u s  t h e  15" t o  20" expec ted  l a g  i n  p r e s s u r e  r e s p o n s e ) .  If 
t h e  a f t  r o t o r  had been r u n  w i t h o u t  t h e  f o r w a r d  ro to r  and t h e  BMT response ( l a g  
a n g l e )  t o  i n f l o w  a n g l e  measured, t h e  a c t u a l  l o c a t i o n  o f  maximum a n g l e  o f  a t t a c k  
f o r  t h e  c o u n t e r r o t a t i o n  case c o u l d  be de te rm ined .  The whole s u b j e c t  o f  t h e  
p r o p a g a t i o n  o f  i n f l o w  d i s t o r t i o n  t h r o u g h  a c o u n t e r r o t a t i o n  p r o p e l l e r  needs 
f u r t h e r  i n v e s t i g a t i o n .  
A l t h o u g h  t h i s  m i g h t  be c o n s i d e r a b l y  l a r g e r  than  t h e  e f f e c t  o f  
The magn i tude and phase a n g l e  o f  t h e  1 -P  p r e s s u r e  response t o  a 16" 
i n f l o w  a n g l e  a r e  shown i n  f i g u r e  15 as a f u n c t i o n  o f  p e r c e n t  o f  d e s i g n  speed. 
The s u c t i o n - s u r f a c e  BMT fo r  t h e  f o r w a r d  ro to r  had a magn i tude t h a t  i n c r e a s e d  
w i t h  speed, as shown by  t h e  magn i tude o f  t h e  uns teady  p r e s s u r e  c o e f f i c i e n t  Cp.  
The phase a n g l e  shown i n  t h i s  f i g u r e  i s  i n  terms o f  l e a d  and l a g  from t h e  f o r c -  
i n g  f u n c t i o n  ( i . e . ,  b l a d e  a n g l e - o f - a t t a c k  change) .  For a z e r o  phase a n g l e  a 
p r e s s u r e - s u r f a c e  BMT wou ld  peak a t  maximum b l a d e  a n g l e  o f  a t t a c k ,  b u t  a s u c t i o n -  
s u r f a c e  BMT wou ld  be a t  a minimum. The ang les  shown r e p r e s e n t  a l e a d  or l a g  
from t h i s  c o n d i t i o n .  The s u c t i o n - s u r f a c e  BMT f o r  t h e  f o r w a r d  ro to r  showed a 
sma l l  i n c r e a s e  i n  phase l a g ,  from - 1 7 "  t o  -25" ,  as t h e  r o t a t i o n a l  speed 
i n c r e a s e d .  The a f t  r o to r  s u c t i o n  s u r f a c e  had a s i m i l a r  C l e v e l  b u t  a more 
compl i c a t e d  response t o  speed, w i t h  a minimum a t  80-percenF speed. The phase 
a n g l e  showed a l e a d  o f  101" a t  70 -pe rcen t  speed t h a t  decreased t o  87" a t  
90-percent  speed. The p r e s s u r e - s u r f a c e  BMT f o r  t h e  a f t  ro tor  had a Cp magni- 
t u d e  t h a t  was l e s s  t h a n  h a l f  t h a t  o f  t h e  s u c t i o n  s u r f a c e  and decreased w i t h  
speed. The phase a n g l e  fo r  t h e  p r e s s u r e  s u r f a c e  had a l e a d  of 53.5"  a t  
70 -pe rcen t  speed t h a t  decreased t o  50.6"  a t  h i g h e r  speed. T h i s  was c o n s i d e r a -  
b l y  l e s s  l e a d  t h a n  t h e  s u c t i o n  s u r f a c e  had.  A l t h o u g h  i t  i s  unusua l  for t h e  
p r e s s u r e  and s u c t i o n  s u r f a c e s  n o t  t o  have s i m i l a r  phase l a g s  or l e a d s ,  i n  t h i s  
case t h e  s m a l l e r  phase l e a d  o f  t h e  p r e s s u r e  s u r f a c e  i s  e a s i e r  t o  e x p l a i n  i n  
t e r m s  o f  t h e  s w i r l  e x i t  v e l o c i t y  l a g  o f  t h e  f o r w a r d  rotor and may be more 
i n d i c a t i v e  o f  o v e r a l l  t r e n d s .  
The p r e s s u r e  c o e f f i c i e n t  f o r  t h e  f i rs t  s h a f t  o r d e r  i s  shown as a f u n c t i o n  
o f  i n f l o w  a n g l e  f o r  90-percent  speed i n  f i g u r e  16.  Bo th  s u c t i o n - s u r f a c e  BMT's 
have s t e e p e r  s lopes  t h a n  t h e  p r e s s u r e - s u r f a c e  BMT, as m i g h t  be expec ted .  The 
s l o p e  o f  t h e  a f t  ro to r  decreased w i t h  i n c r e a s i n g  a n g l e ;  t h e  f o r w a r d  ro tor  had 
t h e  o p p o s i t e  c h a r a c t e r i s t i c .  
response t o  i n f l o w  a n g l e  as has been seen i n  p r e v i o u s  s i n g l e - r o t a t i o n  
i n v e s t i g a t i o n s .  
The p r e s s u r e - s u r f a c e  BMT had a v e r y  l i n e a r  
a 
SUMMARY OF RESULTS 
I n  an e x p l o r a t o r y  e f f o r t ,  an advanced c o u n t e r r o t a t i o n  p r o p e l l e r  i n s t r u -  
mented w i t h  a v e r y  l i m i t e d  number o f  b lade-mounted p r e s s u r e  t r a n s d u c e r s  was 
t e s t e d  i n  t h e  NASA Lewis 9- by  15-Foot  Anechoic  Wind Tunnel a t  a s i m u l a t e d  
t a k e o f f  and l a n d i n g  speed o f  Mach 0 . 2 0 .  The p r o p e l l e r ' s  a f t  d i a m e t e r  was 
reduced  t o  i n v e s t i g a t e  p o s s i b l e  n o i s e  r e d u c t i o n s  r e s u l t i n g  from reduced  b l a d e  
row i n t e r a c t i o n  w i t h  t h e  t i p  v o r t e x .  The p r o p e l l e r  was t e s t e d  a t  t h r e e  b l a d e  
row spac ings  a t  f i x e d  b l a d e  s e t t i n g  ang les ,  a t  t h e  maximum b l a d e  row s p a c i n g  
a t  h i g h e r  b l a d e  s e t t i n g  a n g l e s ,  and a t  p r o p e l l e r  a x i s  a n g l e s  o f  a t t a c k  ( i n f l o w  
a n g l e s )  up t o  *16" .  The uns teady  b l a d e  s u r f a c e  p r e s s u r e s  were measured on  
b o t h  ro to rs  o f  t h e  model c o u n t e r r o t a t i o n  p r o p e l l e r .  Emphasis was p l a c e d  on  
d e t e r m i n i n g  t h e  e f f e c t s  o f  ro tor - ro tor  i n t e r a c t i o n s  on t h e  b l a d e  su r face  p r e s -  
su res .  These uns teady  p r e s s u r e s  r e s u l t  i n  t h e  i n t e r a c t i o n  tones  t h a t  a r e  o f  
much concern  i n  t h e  n o i s e  s i g n a t u r e .  The f o l l o w i n g  r e s u l t s  were o b t a i n e d :  
1 .  A u n i q u e  method o f  p r o c e s s i n g  t h e  p r e s s u r e  s i g n a l s  was deve loped t h a t  
enab led  even weak i n t e r a c t i o n  waveforms and s p e c t r a  t o  be separa ted  from t h e  
t o t a l  s i g n a l .  T h i s  p r o c e s s i n g  method i s  based on t ime-domain a v e r a g i n g  syn- 
chronous t o  t h e  i n t e r a c t i o n  f r e q u e n c y .  
2 .  The fundamenta l  r o t o r - r o t o r  b l a d e  p r e s s u r e  i n t e r a c t i o n  t o n e  was gener -  
a l l y  5 t o  20 t i m e s  s t r o n g e r  on  t h e  a f t  ro tor  t h a n  on t h e  f o r w a r d  ro to r .  The 
waveform o f  t h e  f o r w a r d  rotor i n t e r a c t i o n  was f a i r l y  s i n u s o i d a l ,  b u t  t h e  a f t  
r o to r  had h i g h  l e v e l s  a t  h i g h e r  harmon ics .  
3 .  The fundamenta l  i n t e r a c t i o n  t h a t  o c c u r r e d  a t  t h e  b l a d e  p a s s i n g  o r d e r  
(BPO) g e n e r a l l y  i n c r e a s e d  w i t h  speed, w i t h  some n o t a b l e  e x c e p t i o n s .  The h i g h e r  
harmon ics  had no  o v e r a l l  t r e n d s  w i t h  speed. 
4 .  For t h e  most p a r t  t h e  fundamenta l  ro tor - ro tor  b l a d e  p r e s s u r e  i n t e r a c -  
t i o n  t o n e  i n c r e a s e d  w i t h  d e c r e a s i n g  rotor spac ing .  
5 .  The i n t e r a c t i o n  s t r e n g t h s  g e n e r a l l y  i n c r e a s e d  a t  t h e  h i g h e r  b l a d e  s e t -  
t i n g  a n g l e s .  
6 .  For t h e  a n g u l a r  i n f l o w  c o n d i t i o n  t h e  ro to r  i n t e r a c t i o n  o c c u r r e d  a t  sev- 
e r a l  t ones  spaced one s h a f t  o r d e r  a p a r t  on e i t h e r  s i d e  o f  t h e  BPO tone and i t s  
ha rmon ics .  
7 .  The f o r w a r d  r o t o r ' s  response t o  a n g u l a r  i n f l o w  i n  te rms o f  phase 
response  ( a z i m u t h a l  l o c a t i o n  o f  maximum l o a d i n g )  was s i m i l a r  t o  t h a t  o f  a 
s i n g l e - r o t a t i o n  p r o p e l l e r .  
a f f e c t e d  b y  t h e  presence o f  t h e  f o r w a r d  r o t o r .  
The p h a s i n g  o f  t h e  a f t  r o to r  response was g r e a t l y  
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TABLE I .  - DESIGN CHARACTERISTICS OF F7/A3 
COUNTERROTATION PROPELLER 
Number o f  b ladesa  . . . . . . . 
Design c r u i s e  Mach number . . . 
Nominal d iamete r ,a  cm ( i n . )  . . 
Nominal des i  n c r u i s e  
t i p  speed,g m/sec ( f t / s e c )  . 
Nominal des ign  advance r a t i o a  . 
Hub- to - t i p  r a t i o a  . . . . . . . 
Geometr ic t i p  sweep, deg . . . 
A c t i v i t y  f a c t o r a  . . . . . . . 
Design power c o e f f i c i e n t  
based on annulus a r e a  . . . . 
~~ ~~ 
. . . . . . . . . . . 11/9 
. . . . . . . . . . . 0.72 
. . 62.2 (24 .5 ) /53 .1  (20 .9 )  
. . . . 238 (780 ) /203  (665)  
. . . . . . . . . 2.82/3.32 . . . . . . . . . 0.42/0.49 
. . . . . . . . . . . 34/22 
. . . . . . . . . . 150/243 
. . . . . . . . . . . 4.16 
aFron t  r o t o r / r e a r  r o t o r .  
TABLE 11. - TEST CONDITIONS 
~~ ~~ 
B l ade  s e t t i n g  
ang les ,  
deg 
~ 
B lade  row s p a c i n g  
between p i t c h  
change axes 
I n f l o w  




b8.48 3.34 Wl 0 28, 216 0 
28, -16 
R o t a t i o n a l  
speed, a 
p e r c e n t  o f  





alOO-percent speed = 8371 rpm f o r  b o t h  r o t o r s .  
b M i  n i  mum. 
CNomi n a l  . 
dMaximum. 
10 
TABLE 111. - DYNAMIC PRESSURES USED TO OBTAIN PRESSURE COEFFICIENTS 
Rotor 
spacing 
B1 ade Rotat ional  speed, percent o f  design Tunnel 
. s t a t i c  s e t t i n g  
angl e .a 70 75 80 85 90 95 pressure, 
kPa 
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(A)  F7/A3, REDUCED-DIAMETER AFT PROPELLER. (B) F7/A7.  




11 BLADES 1 C, = 7.2 CM 9 BLADES' C, = 8.8 CM 
( A )  PRESSURE TRANSDUCER LOCATIONS: TWO BLADES INSTRUMENTED ON 
EACH ROTOR, ONE ON PRESSURE SURFACE. THE OTHER ON SUCTION 
SURFACE. 
't BLADE SURFACE 
,' WHERE PRESSURE 71'5; MMp IS SENSED 
/ 
RTV 1 / /  /j DUCER // // i 
// // HOUSING' // / / 
// LEPOXY / 0.025-MM-TH I CK S H I N  
/ / 
/ / 
L LEADWORK PRESSURE-SENSITIVE DIAPHRAGM 
( B )  TYPICAL INSTALLATION OF BLADE-MOUNTED PRESSURE TRANS- 
DUCER SENSING THROUGH BLADE. 
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ANGULAR LOCATION ON AFT ROTOR RELATIVE TO FORWARD ROTOR BMT. DEG 
(A)  WAVEFORM. 
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FIGURE 5 .  - TYPICAL BLADE PRESSURE INTERACTION OF AFT ROTOR ON FORWARD ROTOR. 
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FIGURE 6. - EFFECT OF ROTATIONAL SPEED ON BLADE PASSING 






( A )  MAXIMUM ROTOR SPACING. 
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FIGURE 7. - EFFECT OF ROTATIONAL SPEED ON BLADE PASS- 
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FIGURE 8. - EFFECT OF ROTOR SPEED ON BLADE PASSING ORDER 
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FIGURE 9. - EFFECT OF ROTOR SPACING ON BLADE PASSING 
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FIGURE 11. - EFFECT OF BLADE SETTING ANGLES ON BLADE 
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(A)  SUCTION SURFACE. 






0 36.4'/43.5' P 
/ 
7 0  75 8 0  8 5  90 95 
ROTATIONAL SPEED. PERCENT OF DESIGN 
(B)  PRESSURE SURFACE. 
FIGURE 12.  - EFFECT OF BLADE SETTING ANGLES ON BLADE 
PASSING ORDER TONE FOR AFT ROTOR BLADE (A3). 
18 
20 000 




(A)  INFLOW ANGLE, 0'.a v) U J  
200 
0 10 20 3 0  40 
ROTOR INTERACTION ORDER, I ,  CYCLES/INTERACTION 
(B) INFLOW ANGLE. 16'. 
20 
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